High-valent transition-metal nitride complexes play ad iverse role in catalytic and stoichiometric reactivity. Their reactivity is dictated by their nucleophilic or electrophilic character, which is in turn dependent on the identity of the metal, oxidation state,a nd ligand environment.
(1Na), K + (1K), Ba 2+ (1Ba), or Sr 2+ (1Sr)i on in the ligand framework are reported. The Mn VI/V reduction potentials for 1Na, 1K, 1Ba,and 1Sr are 0.591, 0.616, 0.805, and 0.880 Vvs. Fe(C 5 H 5 ) 2 +/0 ,r espectively,e xhibiting significant positive shifts compared to aMnN Schiff-base complex in the same primary coordination environment but with no associated alkali or alkaline earth metal ion (A,E 1/2 = 0.427 Vv s. Fe(C 5 H 5 ) 2
). One-electron oxidation of the Mn V Nc omplexes results in bimolecular coupling to form N 2 with rates (k 2 )a t2 08 8Co f 2166, 684, 857, and 99.7, an 87 m À1 s À1 for A, 1Na, 1K, 1Ba, and 1Sr respectively,f ollowing an inverse linear free energy relationship.Thus,increasing charge through proximal cations results in Mn VI Nc omplexes that are both more oxidizing and more stable to bimolecular coupling,atrend diametrically opposed to when complexes were modified by ligand substituents through inductive effects.
High-valent transition-metal nitride complexes play ad iverse role in catalytic and stoichiometric reactivity. [1] Their reactivity is dictated by their nucleophilic or electrophilic character, which is in turn dependent on the identity of the metal, oxidation state,a nd ligand environment. [1a-d, 2] Although nucleophilic Mn V N(salen) complexes have been studied for several decades, [3] Storr [4] and Menard [5] recently uncovered anew reactivity pattern. One-electron oxidation of the Mn V N(salen) derivatives A, B, C,a nd D (Scheme 1) was pursued to generate am etal nitride with radical character. However,t he resulting Mn VI N(salen) complex was unstable, engaging in bimolecular coupling to form N 2 and two equiv of the corresponding Mn III (salen) complex [Equation (1) where Si st he solvent].B imolecular N 2 evolution had also previously been observed in Schiff base Ru VI [6] and Os VI [7] nitride complexes.
Storr et al. explored the effect of ligand substituents on the rate of NÀNb ond formation (complexes B, C,a nd D in Scheme 1). More electron-withdrawing groups led to more positive oxidation potentials in accordance with their Hammett parameters. [4] TheM n V Ns alen with the most electrondonating substituent, NMe 2 (B in Scheme 1), led to aligandcentered radical upon oxidation and no bimolecular reactivity,w hereas Mn-based one-electron oxidation of C and D in Scheme 1l ed to N 2 evolution [Equation (1)].N ot surprisingly,t he most oxidizing Mn VI nitride complex (D)r eacts at the highest rate [k 2 in Equation (1)].T hus,i nstallation of electron-withdrawing substituents to produce am ore oxidizing Mn VI nitride complex also results in an increased rate of bimolecular coupling.
Ligands incorporating crown-like moieties to encapsulate alkali or alkaline earth metal ions have been used for many applications, [8] including more recently the promotion of cooperative [9] or cation-responsive catalysts. [10] We recently reported the synthesis and characterization of Co [11] and Fe [12] Schiff base complexes appended by ac rown ether cycle.I n these complexes,t he Co II/I and Fe III/II reduction potentials shift anodically upon incorporation of alkali (up to 120 mV) or alkaline earth metal ions (up to 770 mV). As imilar effect on redox potentials has been observed by incorporation redox-inactive cations in other complexes. [13] Applying charge provides am echanism for tuning redox properties without using electron-donating or withdrawing functionalities on the Scheme 1. The reactivity of A [5] and B, C,and D [4] as previously described. The reactivity of 1K, 1Ba, 1Na,a nd 1Sr compared to A are discussed herein.
ligand and can lead to unexpected trends in redox reactivity. [12, 14] We report herein the synthesis and characterization of Mn , Scheme 1) was adapted from ap revious procedure. [11, 15] [3i] Thep urity and formulation of the complexes were confirmed using mass spectrometry and elemental analysis.
1 HNMR (Supporting Information, Figure S1 ), 13 C{ 1 H} NMR (Supporting Information, Figure S2 ), and electronic absorption spectra (Supporting Information,
,o rB a 2+ ) and EPR spectra, taken at 10 K, for
; Supporting Information, Figure S4 ) were also obtained.
Crystals of 1M (M = K + or Ba 2+ )a nd 2Ba suitable for single crystal X-ray spectroscopy were grown by Et 2 O diffusion into ac oncentrated CH 3 CN solution. (Crystals of 2K for structural characterization were isolated after oxidation of 1K;s ee below). Selected bond metrics and structural parameters are listed in Table 1a nd the ORTEPs are shown in Figure 1 . The t 5 values for A, 1K,and 1Ba are 0.086, 0.110, and 0.203, respectively,w here a t 5 of 0r epresents an ideal square pyramidal coordination geometry and a t 5 of 1anideal trigonal bipyramidal geometry.A lthough the coordination geometry of the Mn ion can be described as square pyramidal in all of the structures,the geometry becomes more distorted as the charge of Mi ncreases.
Thee lectronic absorption for MnN(salen) (A), 1K, 1Na, 1Ba,a nd 1Sr have identical bands at 596 nm (e = 200 Lmol À1 cm
À1
)t hat we assign as ad-d transition (Table 1 ; Supporting Information, Figure S3 ). Thes imilar profiles indicate minimal changes in electronic structure across the series.
Theelectrochemical properties of the Mn V Ncomplexes in acetonitrile were measured using cyclic voltammetry.S canrate-dependent data for A, 1K,and 1Ba are shown in Figure 2 and the Supporting Information, Figure S6 ;data for 1Na and 1Sr is shown in the Supporting Information, Figure S6 . The cathodic and anodic peak separation (DE p )f or the Mn VI/V redox couple of A and 1M increase with the scan-rate [20] Angewandte Chemie Communications (Supporting Information, Tables S1, S2 ). An increasing DE p with scan-rate indicates the rate of electron transfer is slow under these conditions,o rt he redox event is quasi-reversible. [16] In all cases,t he current increases linearly with the square root of the scan rate,i ndicating electron transfer is under diffusion control (Supporting Information, Figure S5 ). E 1/2 values can be accurately obtained using the midpoint potential of quasi-reversible redox events. [16] TheM n VI/V reduction potentials for A, 1K, 1Na, 1Ba,a nd 1Sr are 0.427, 0.616, 0.591, 0.805, and 0.880 Vv ersus Fe(C 5 H 5 ) 2 +/0 ,r espectively (Table 1) .
Thes imilar electronic structure and accompanying increase in redox potential between A and 1M is likely due to an electric field potential from the cation, which we have characterized in other metal complexes with this ligand framework. [11, 12] We previously demonstrated we can estimate the magnitude of the electrostatic effect by modelling the non-redox active cation as ap oint charge. [11] By this model, the electric field potential at Mn is dependent on the point charge q (1 for K + /Na + and 2f or Ba 2+ /Sr 2+ )a nd its distance (r)from Mn. For 1K and 2Ba,the distance r is nearly the same in the solid state (Table 1) , and each sequential increase in charge leads to ap ositive shift in the reduction potential of 189 mV.T he doubling of the positive shift in redox potential between 1K and 1Ba relative to A is consistent with adoubling of the electric field potential from amonocation to adication.
TheMn Nstretch of 1K, 1Na, 1Ba,and 1Sr is 1050, 1052, 1055, and 1058 cm À1 ,r espectively,c ompared to 1047 cm À1 in MnN(salen) (A;S upporting Information, Figures S8, S9 ). [3a] TheM n Nv ibrational frequencyf or A is consistent with previously reported MnN species and is slightly higher for 1M.V ibrational spectroscopy and structural details from these studies and previously reported complexes Mn nitride complexes are compiled in the Supporting Information, Table S3 .
More detailed electrochemical and chemical reactivity studies were performed using 1K and 1Ba for comparison with A.K + and Ba 2+ cations are similar in size (ionic radii of 138 and 135 pm, [17] respectively). Both 1K and 1Ba are structurally similar in the solid state and thus provide agood point of comparison for astepwise increase in charge.
Chemical oxidation was used to characterize the oxidized product and determine whether the electron transfer is metal or ligand based. Although aminium cations have previously been used to oxidize manganese(V) nitrides, [4] their solubility properties and stability in acetonitrile preclude their use with 1K and 1Ba.N itrosonium or thianthrenium cations were employed instead. Addition of the chemical oxidant into athawing CH 3 CN solution of 1K or 1Ba and quick mixing at low temperature allowed characterization of the oxidized species by perpendicular mode EPR. TheE PR spectra of both species taken at 77 Kshowed asix-line pattern with a g value around 2, signifying ar adical residing on an atom with an uclear spin of 5/2 (Supporting Information, Figure S10 ) and consistent with aM n VI species. [2a,c] TheUV/Vis spectra of A and 1K and 1Ba upon titration of the one-electron oxidant NO + exhibits multiple isosbestic points,i ndicating clean conversion to ap roduct that quantitatively matches the spectra of the respective independently synthesized Mn III complexes (Figure 3 ; Supporting Information, Figures S11, S12) . Theproduct from oxidation of 1K was also isolated and recrystallized. Ther esulting structure, aM n III complex with CH 3 CN coordinated in the axial position, is shown in Figure 1 .
TheEPR and UV/Vis spectroscopic experiments with 1K and 1Ba indicate the 1M derivatives behave in ac hemically similar fashion as the previously reported MnN(salen) derivatives.O ne electron oxidation results in ap utative Mn VI Ns pecies which can couple to form N 2 and regenerate the Mn III species as shown in Equation (1). Theo ne-electron oxidation of A or 1M followed by bimolecular coupling represents an EC mechanism (electron transfer followed by achemical step), which is evident in the scan-rate dependent cyclic voltammograms (Figure 2 ; Supporting Information, Figure S6 ). At scan rates slow relative to the chemical step (observed with A and 1K in Figure 2a nd 1Na in the Supporting Information, Figure S6 ), no corresponding reduction event is observed after oxidation (or electrochemical oxidation is irreversible due to the chemical step). Upon scanning to more negative potentials (Figure 2) , anew reduction event appears that matches the Mn III/II couple from the independently prepared respective Mn III complexes. Ther edox event assigned to the Mn III/II couple is absent if Mn V Nisnot oxidized before scanning anodically (Supporting Information, Figure S7 ). At faster scan rates for A, 1K,a nd 1Na the anodic peak current (i a )o ft he MnN VI/V couple increases relative to the cathodic peak current (i c ;Supporting Information, Tables S1 and S2). At the highest scan rates for A, 1K,and 1Na, i c /i a approaches 1but does not achieve unity. Thus,t he Mn III/II couple from the reaction product is still observed at the highest scan rates.F or 1Ba,t he i c /i a is about 1a ta ll scan rates,i ndicating the chemical step is slow and consistent with the absence of aMn III/II peak corresponding to the product (Supporting Information, Table S1 ). Thet urnaround potential for 1Sr was taken slightly negative of 1Ba (Supporting Information, Figure S6 ), resulting in as horter timeframe to evaluate the chemical step,b ut i c /i a quickly becomes about 1a ts can rates of 100 mV s À1 and higher. Thes can-rate-dependent cyclic voltammograms suggest the rate of the chemical step (NÀNcoupling) decreases from A, 1K/1Na,a nd 1Ba/1Sr.S low electron transfer at high scan rates complicates determination of the reaction rate using cyclic voltammetry.A saresult, we turned to UV/Vis spectroelectrochemistry to measure the temperature dependent rate constants for the chemical step.MnN(salen) (A)and 1M were oxidized in situ using ah oneycomb electrode in aU V/Vis spectroelectrochemical cell at ap otential 200 mV positive of their respective oxidation potentials and the rate of Mn III formation was monitored (Supporting Information, Figures S13-S16) .
At atemperature of 20 8 8C, the rates of N À Ncoupling for 1Sr, 1Ba, 1Na, 1K,a nd A are 87, 99.7, 684, 857, and 2166 Lmol À1 s À1 ,r espectively.W eh ave been unable to measure an equilibrium constant for cation occupancy in 1M owing to synthetic challenges in isolating analytically pure complexes without any cation present. However,addition of 5 and 10 equiv of the salts Ba(OTf) 2 and KOTf to 1Ba and 1K, respectively,did not lead to any appreciable differences in the rate of reaction. As ar esult, we do not believe equilibria involving partial occupancyofthe crown moiety plays amajor role in the reaction rate.
Thes ame experiment was repeated at À20, À10, 0, and 10 8 8Cw ith A, 1K,a nd 1Ba.A nE yring plot (see Table 1a nd the Supporting Information, Figure S17 ) was used to derive the enthalpy (DH°)and entropy of activation (DS°). All three species have negative entropies of activation, suggesting an associative mechanism in the rate-determining step.T he enthalpies of activation increase from A to 1K to 1Ba,which corresponds with our measured reaction rates.
In prior studies with neutral MnN salen complexes, addition of electron-withdrawing ligand substituents leads to more oxidizing Mn VI Ncomplexes,which predictably leads to higher rates of coupling to form N 2 .W ef ind that incorporation of cationic charges leads to the opposite trend. As the charge increases,the oxidation potential shifts positive but the rate of bimolecular coupling decreases by an order of magnitude per charge,l eading to an inverse linear free energy relationship (Figure 4 ).
Thed ifference in the rate of bimolecular coupling between 1K and 1Ba is not likely due to steric effects.A s previously mentioned, K + and Ba 2+ have similar ionic radii of 138 and 135 pm, [17] respectively,sothe steric profile of 1K and 1Ba are similar. We note the vibrational stretching frequency of Mn Ni sc onsistent with am ild increase in bond strength for 1M versus A (Table 1) , which may contribute to the observed decrease in rate.T he slightly higher vibrational frequencies observed in 1M may reflect aS tark effect from the electric field potential generated from the cation, which was observed in the prior Co analogues of this ligand. [11] However,t he differences in bond force constant were calculated to be quite small (Supporting Information, Table S3 ). Therefore,w eb elieve the major contribution to the rate differences is through electrostatic repulsion that increases with increasing charge.
Thee ffect of charge on N 2 coupling was previously explored in Ir nitride complexes,b ut the charge differences were due to oxidation of the complex so that cationic effects could not be isolated from changes in electronic structure. [1w] In this ligand framework, we can modify the charge without changing the oxidation state of the metal or primary coordination sphere.A saresult, incorporation of am onoor dication presents an effective route to overriding the electronic effects observed using inductive ligand modifications.The result is metal nitrides that are both more oxidizing and more stable to bimolecular quenching, properties that could not be accessed through the use of inductive ligand modifications.K inetic isolation of more reactive high valent metal nitrides may now be channeled for more productive reactivity.
Steric interactions are commonly used to mitigate undesirable bimolecular reaction pathways but may also negatively affect substrate reactivity.Incontrast, adjusting charge has the potential to inhibit bimolecular reactivity without affecting interactions with neutral substrates.
[19a] Forexample, aseries of monometallic iron salen complexes were known to catalyze the aerobic oxidation of allylic CÀHb onds.T otal catalyst turnover number was limited by formation of inactive Fe À O À Fe complexes. [18] In our prior study of Fe analogues of 1K and 1Ba,w ef ound that increasing cationic charge led to progressively slower rates of bimolecular aerobic deactivation and higher overall turnover numbers. [12] Another potential application exists to improve many olefin metathesis catalysts, where bimolecular reactivity is am ajor decomposition pathway. [19] Thei ncorporation of cationic charge presents an alternative strategy for constructing reactive complexes or catalysts that may otherwise deactivate through bimolecular coupling.W ed emonstrate herein that non-redox active cations can be utilized in transition-metal complexes to both modulate the redox potential and reactivity.T he resulting inverse scaling relationship for bimolecular coupling provides astrategy for directing reactivity in more desirable directions.
